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Objectives We studied the relation between presence and severity of microvascular obstruction (MO), measured by cardio-
vascular magnetic resonance (CMR) and intracoronary Doppler flow measurements, for assessment of myocar-
dial reperfusion in patients with acute anterior myocardial infarction (MI) treated by primary percutaneous coro-
nary intervention (PCI).
Background Cardiovascular magnetic resonance has been used to detect and quantify MO in patients after acute MI but has
never been compared with coronary blood flow velocity patterns.
Methods Twenty-seven patients with first anterior ST-segment elevation MI successfully treated with primary PCI were in-
cluded. Coronary blood flow velocity was measured during recatheterization 4 to 8 days after primary PCI. These
measurements were related to MO determined by late gadolinium-enhanced (LGE) CMR performed the day be-
fore recatheterization.
Results Early systolic retrograde flow was observed in 0 of 8 patients without MO on LGE CMR and in 10 (53%) of 19
patients with MO (p  0.01). The extent of MO correlated with the diastolic-systolic velocity ratio (r  0.44;
p  0.02), diastolic deceleration time (r  0.61; p  0.001), diastolic deceleration rate (r  0.75; p 
0.0001), and coronary flow velocity reserve of the infarct-related artery (r  0.44; p  0.02). Furthermore,
multivariate regression analyses, including extent of MO, infarct size, and transmural necrosis on LGE CMR, re-
vealed that extent of MO was the only independent factor related to early systolic retrograde flow and diastolic
deceleration rate.
Conclusions Assessment of microvascular injury by LGE CMR corresponds well to evaluation by intracoronary Doppler flow
measurements. By means of CMR, quantification of myocardial function, infarct size, and microvascular injury
can accurately be performed with a single noninvasive technique in patients with acute MI. (J Am Coll Cardiol
2008;51:2230–8) © 2008 by the American College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2008.01.064a
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survival and prognosis of patients with an acute myocardial
nfarction (MI) have improved substantially using therapies
iming at early and sustained reperfusion of the myocardium
rom the *Department of Cardiology, Academic Medical Center, Amsterdam, the
etherlands; †Interuniversity Cardiology Institute of the Netherlands, Utrecht, the
etherlands; and the ‡Department of Cardiology, VU University Medical Center,
msterdam, the Netherlands. Supported by the Netherlands Heart Foundation, grant
o. 2003B126. The first two authors contributed equally to this work.a
Manuscript received November 12, 2007; revised manuscript received December
0, 2007, accepted January 26, 2008.t risk (1). However, successful restoration of epicardial flow
oes not necessarily translate into optimal reperfusion at the
yocardial tissue level, and may result in microvascular
See page 2239
bstruction (MO), also known as the “no-reflow” phenom-
non (2). Experimental and clinical studies have demon-
trated that MO is a common phenomenon and is associ-
ted with increased infarct size, reduced myocardial
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June 10, 2008:2230–8 Microvascular Injury After MIunction, left ventricular (LV) remodeling, and worse clin-
cal outcome (3–11). As a consequence, MO has important
rognostic significance in patients after acute MI.
Earlier studies have suggested that both measurements of
oronary blood flow velocity patterns (12–15) and cardio-
ascular magnetic resonance (CMR) can be used to assess
nd quantify microvascular injury in patients after acute MI
3,5,7). Characteristics of coronary blood flow velocity patterns
hat are associated with no-reflow are the presence of early
ystolic retrograde flow (SRF), rapid deceleration of diastolic
ow, and reduced coronary flow velocity reserve (CFVR)
12,15). Cardiovascular magnetic resonance allows direct visu-
lization and quantification of microvascular injury with trans-
ural extent using gadolinium-enhanced imaging, which cor-
esponds to anatomically defined areas of no-reflow (3,5,16).
o our knowledge, no data are available with respect to the
elationship between both techniques in patients after acute
I. Therefore, the aim of the present study was to
etermine whether the presence and severity of microvas-
ular injury determined by gadolinium-enhanced CMR was
elated to intracoronary Doppler flow measurements for
ssessment of myocardial reperfusion.
ethods
atients and study protocol. This study comprised 27
onsecutive patients presenting with a first acute anterior
T-segment elevation MI. All patients were treated by
uccessful primary percutaneous coronary intervention
PCI), defined as Thrombolysis In Myocardial Infarction
TIMI) flow grade 2 and stent implantation with a
esidual stenosis of 50%. Inclusion criteria were PCI
ithin 12 h after onset of symptoms, 10-fold increase in
erum creatine kinase-MB levels, and wall motion abnor-
alities in 3 segments observed on resting echocardio-
ram. Patients with a previous MI, 3-vessel disease, cardio-
enic shock, (relative) contraindications for CMR, or
ignificant comorbidities were excluded from the study. Pa-
ients were treated with aspirin, heparin, abciximab, clopi-
ogrel, statins, beta-blockade, and angiotensin-converting en-
yme inhibitors, according to European Society of Cardiology
ractice guidelines (17).
All patients underwent CMR and recatheterization for
ntracoronary flow measurements at least 48 h but within 8
ays after primary PCI. All CMR studies were supervised
nd analyzed by 1 operator who was blinded to intracoro-
ary flow measurements, and vice versa.
The Institutional Review Boards of the Academic Med-
cal Center and VU University Medical Center approved the
rotocol for study measurements. The study was conducted
n accordance with the Declaration of Helsinki. Written
nformed consent was obtained from each patient.
MR protocol. The CMR examination was performed on a
.5-T clinical scanner (Sonata, Siemens, Erlangen, Germany)
sing electrocardiographic gating and a phased array cardiac
eceiver coil. Cine images were acquired to measure LV molumes. A steady-state free pre-
ession pulse sequence during re-
eated breath-holds of approxi-
ately 10 seconds, in multiple
hort axis views every 10 mm cov-
ring the entire left ventricle. Typ-
cal in plane resolution was 1.6 
.9  6.0 mm3 (repetition time/
cho time  3.2/1.6 ms, flip
ngle 60°, matrix 256  156,
emporal resolution 35 to 50 ms).
The late gadolinium-enhanced
LGE) images were acquired to
etermine infarct size and MO
ize and extent. A 2-dimensional
egmented inversion recovery
radient-echo pulse sequence was
sed 12 to 15 min after administra-
ion of a gadolinium-based contrast
gent (0.2 mmol/kg Dotarem,
uerbet, Roissy, France), with slice
ositions identical to the cine im-
ges. Typical in-plane resolution was 1.4  1.7  6.0 mm3
repetition time/echo time  9.6/4.4 ms, flip angle 25°,
riggering to every other heart beat). The inversion time was
et to null the signal of viable myocardium and ranged from
40 to 300 ms.
MR data analysis and definitions. All CMR data were
nalyzed on a separate workstation using dedicated software
Mass version 2006 beta, Medis, Leiden, the Netherlands).
n all short-axis cine slices, the endocardial and epicardial
orders were outlined manually on end-diastolic and
systolic images to measure LV volumes and calculate
jection fraction. Segmental LV function was determined by
ividing each short-axis slice into 12 equiangular segments,
tarting at the posterior septal insertion of the right ventri-
le. Systolic wall thickening was calculated as the difference
etween end-diastolic and -systolic wall thickness divided
y end-diastolic wall thickness.
Infarct size and regions of MO were determined on LGE
mages as previously described, using a standardized and
re-defined definition of hyperenhancement (11,18). In
hort, total infarct size was calculated by automatic summa-
ion of all slice volumes of hyperenhancement (signal
ntensity 5 SD above the mean signal intensity of remote
yocardium) and expressed as a percentage of LV mass.
he extent of transmural necrosis was calculated in each
atient and expressed as the sum of segments with 75%
ransmural hyperenhancement as a percentage of the total
umber of segments scored. Microvascular obstruction
as defined as hypoenhanced regions within the hyper-
nhanced infarcted area and was included in the calcula-
ion of total infarct size. The total size of MO was
alculated by summation of all slice volumes of hypoen-
ancement and expressed as a percentage of total LV
Abbreviations
and Acronyms
CFVR  coronary flow
velocity reserve
CMR  cardiovascular
magnetic resonance
DDR  diastolic
deceleration ratio
LGE  late
gadolinium-enhanced
LV  left ventricular
MI  myocardial infarction
MO  microvascular
obstruction
PCI  percutaneous
coronary intervention
SRF  early systolic
retrograde flow
TIMI  Thrombolysis in
Myocardial Infarctionass. The extent of MO was defined as the number of
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Microvascular Injury After MI June 10, 2008:2230–8egments in which MO was detected (irrespective of the
bsolute size of MO in each segment) and expressed as a
ercentage of the total number of segments scored.
For analysis of segmental myocardial function, segmental
xtent of transmural necrosis, and extent of MO, the 2 most
asal and 2 most distal slices were excluded, because
egmental evaluation at these levels is not reliable, owing to
he LV outflow tract and partial volume effect, respectively.
t was ensured that the excluded basal slices for segmental
nalysis were not affected by infarct or MO.
ecatheterization and Doppler flow measurements. Car-
iac catheterization was performed following routine pro-
edures. A bolus of 0.1-mg nitroglycerin was administered
efore flow measurements. Intracoronary flow was mea-
ured with a 0.014-inch Doppler-tipped guidewire
FloWire, Volcano Corporation, Rancho Cordova, Califor-
ia) that was positioned distal to the previously implanted
tent. After optimization of the Doppler signal, velocity
ecordings were obtained at rest and after induction of
aximal hyperemia with an intracoronary bolus of 20 to 40
g adenosine. Doppler measurements were repeated at
east 3 times and recorded continuously on videotape
FloMap, Jomed, Rancho Cordova, California). Coro-
ary flow was also measured in an angiographically
ormal reference artery (the left circumflex artery [n 
5] unless there was 30% diameter stenosis, in which
ase the right coronary artery was used [n  2]).
nalysis of Doppler flow measurements. Doppler flow
elocity spectra were analyzed offline to determine the
ollowing parameters: baseline average and maximum peak
ow velocity, diastolic and systolic average peak flow veloc-
ty, diastolic–systolic flow velocity ratio, and diastolic decel-
ration time. The rate of decline in flow velocity in diastole
as calculated as the diastolic deceleration rate (DDR). The
RF was defined as retrograde peak velocity 10 cm/s and
uration of 60 ms, as previously described (12). Absolute
FVR was calculated as the ratio of hyperemic to baseline
verage peak flow velocity and the relative CFVR as the
atio of the absolute CFVR in the infarct-related vessel to
he absolute CFVR in the reference artery.
tatistical analysis. Values are reported as mean  SD or
edian (25th to 75th percentile) for continuous variables
nd as frequency with percentage for categorical variables.
ichotomous variables were compared with the Fisher exact
est and continuous variables with the Mann-Whitney U
est. Correlations between extent and size of MO and
oppler flow parameters were calculated with simple linear
egression analysis. To identify parameters independently
ssociated with the extent and size of MO determined by
MR, multivariable linear regression analysis with a for-
ard selection procedure was used. Variables were entered if
 0.10. Multivariate logistic regression analysis was used
o assess the relation between CMR parameters (extent or
ize of MO, infarct size, and transmural necrosis) and the
resence of SRF. Similar analysis was performed using
ultivariate linear regression for the relationship with tDR. All statistical tests were 2-tailed, and a p value
f 0.05 was considered to be statistically significant. All
alculations were generated by Statistical Package for Social
ciences software (SPSS 12.0 for Windows, SPSS, Chi-
ago, Illinois).
esults
atient characteristics. Of the 27 patients included in the
tudy (mean age 53  11 years), 23 were men (85%), 11
41%) had hypercholesterolemia, 2 (7%) had diabetes mel-
itus, 7 (26%) had a history of hypertension, and 13 (48%)
ere smokers. Mean time from onset of symptoms to
eperfusion was 203  123 min. After primary PCI, TIMI
ow grade 2 was observed in 5 patients (19%) and TIMI
ow grade 3 in the other 22 patients (81%).
Patients underwent CMR and intracoronary flow mea-
urements within 8 days after acute MI (4  1 days and 5 
days, respectively). No CMR images or flow measure-
ents were excluded from analysis because of insufficient
uality. There was no clinical, electrocardiographic, or
nzymatic evidence of reinfarction in any patient between
rimary PCI, CMR, and recatheterization. Before flow
easurements, TIMI flow grade 3 was observed in all
atients.
RF. Early systolic retrograde flow was detected in 10 of
7 patients (37%). No differences in clinical and angio-
raphic findings were observed between patients with or
ithout SRF (Table 1). Microvascular obstruction was
resent on the LGE images in 9 patients (53%) without
RF and in all patients with SRF (p 0.01). Quantification
f MO showed that both extent and size of MO were
ignificantly higher in patients with SRF compared with
atients without SRF (p  0.001 and p  0.003, respec-
ively). Infarct size was slightly higher in the SRF group,
hough not statistically significantly (25.9  6.1% vs. 21.4
5.6%; p  0.07), and SRF was associated with more
xtensive transmural necrosis (p  0.02). No differences
ere found in end-diastolic and -systolic volumes, LV
jection fraction, and systolic wall thickening in the infarct
rea. Figure 1 shows examples of coronary blood flow
elocity patterns and corresponding short-axis LGE images
f patients with and without microvascular injury.
GE CMR. Eight patients showed no presence of MO on
he LGE images, and the remaining patients (n  19) were
ivided into 2 subgroups according to the extent of MO:
atients with mild MO (1% to 16% of the segments; n 
0) and severe MO (16% of segments; n  9). Although
ifferences between patients with and without presence of
O were calculated, a subdivision in severity of MO was
sed to show possible trends of different variables in relation
o the extent of MO. Subdivision was based on an arbitrary
utoff value.
Clinical, angiographic, and CMR data are presented in
able 2. Patients with MO had larger infarct size and moreransmurally infarcted segments. Doppler flow velocity data
s
b
fl
a
E
w
(
fl
t
0

b
r

(
r
0
m
fl
0
C
d
C
s
0
r
r
M
S
i
0
t
n
r
r
o
(
c
w
m
n
a
r
s
(
D
W
c
; SRF
2233JACC Vol. 51, No. 23, 2008 Hirsch et al.
June 10, 2008:2230–8 Microvascular Injury After MIhowed that the presence of MO was associated with higher
aseline maximum peak flow velocity, diastolic average peak
ow velocity, and DDR; shorter diastolic deceleration time;
nd lower CFVR of the infarct-related artery (Table 3).
arly systolic retrograde flow was observed in 0 of 8 patients
ithout MO and in 10 (53%) of 19 patients with MO
p  0.01).
The extent of MO correlated with the diastolic–systolic
ow velocity ratio (r  0.44; p  0.02), diastolic decelera-
ion time (r  0.61; p  0.001), DDR (r  0.75; p 
.0001) (Fig. 2), and CFVR of the infarct-related artery (r
0.44; p  0.02). Similar relationships were observed
etween the size of MO and diastolic–systolic flow velocity
atio (r  0.46; p  0.01), diastolic deceleration time (r 
0.53; p  0.004), DDR (r  0.56; p  0.002), and CFVR
r  0.36; p  0.07). There was no relationship between
elative CFVR and the extent or size of MO (r0.12; p
.54, and r  0.03; p  0.89, respectively). Stepwise
ultivariate linear regression analysis including Doppler
ow parameters identified SRF (beta 7.23; SE 3.20; p
.03), DDR (beta  0.08; SE  0.02; p  0.003), and
FVR (beta  8.98; SE  4.18; p  0.04) as indepen-
ent factors related to the extent of MO determined by
MR (adjusted R2  0.64). For the relationship with the
ize of MO, only SRF (beta  2.29; SE  0.66; p 
Clinical, Angiographic, and CMR Data of PatienW thout Early Systoli Retrograde Flow on Coro
Table 1 Clinical, Angiographic, and CMR DaWithout Early Systolic Retrograde F
Age, yrs
Men
Time from symptom onset to PCI, min 1
Infarct location
Proximal LAD
Mid LAD
Multivessel disease
TIMI flow grade post-PCI
TIMI flow grade 2
TIMI flow grade 3
Size of stent, mm
Length of stent, mm
Platelet glycoprotein IIb/IIIa inhibitors
Peak CK-MB, g/l 4
End-diastolic volume, ml/m2 10
End-systolic volume, ml/m2 6
Left ventricular ejection fraction, % 3
Systolic wall thickening in infarct area, % 1
Infarct size, % of left ventricle 2
Extent of transmural necrosis, % segments 2
MO present on CMR
Extent of MO, % segments 5
Size of MO, % of left ventricle 0.
Values are expressed as n (%), mean  SD, or median (25th–75th pe
CK-MB  creatine kinase-myocardial band; CMR  cardiac mag
microvascular obstruction; PCI  percutaneous coronary intervention
Infarction..002) and CFVR (beta  1.83; SE  1.01; p  0.08) cemained as independent factors at multivariate stepwise
egression analysis (adjusted R2  0.37).
O, infarct size, and transmural necrosis in relation to
RF and DDR. The extent of MO by CMR was related to
nfarct size and extent of transmural necrosis (r  0.60; p 
.001, and r  0.51; p  0.007, respectively). The predic-
ive values of the extent of MO, infarct size, and transmural
ecrosis with respect to SRF and DDR were compared
elative to each other by multivariate analyses. Multivariate
egression analyses showed that the extent of MO was the
nly independent factor related to both SRF and DDR
Tables 4 and 5). Both the odds ratio and the regression
oefficient of the extent of MO did not substantially change
hen infarct size and transmural necrosis were added to the
odels. In fact, infarct size and extent of transmural
ecrosis were no longer associated with the flow parameters
fter adjusting for extent of MO. Similar results were found
egarding the size of MO, but the relationship between MO
ize and both SRF and DDR was not as strong as its extent
data not shown).
iscussion
e investigated whether the extent and size of microvas-
ular injury measured by LGE CMR was related to intra-
th orFlow Velocity Pattern
Patients With or
n Coronary Flow Velocity Pattern
F
7)
SRF
(n  10) p Value
10 55 13 0.29
%) 7 (70%) 0.13
142 211 88 0.65
1.00
%) 4 (40%)
%) 6 (60%)
%) 2 (20%) 0.61
0.33
%) 3 (30%)
%) 7 (70%)
0.5 3.6 0.4 0.50
7 22 4 0.38
%) 5 (50%) 0.71
281 456 177 0.80
14.2 101.9 17.9 0.96
11.6 62.0 14.7 0.84
5.3 39.4 9.2 0.84
10.4 17.1 10.1 0.58
5.6 25.9 6.1 0.07
7.9 29.2 11.8 0.02
%) 10 (100%) 0.01
12.8) 22.2 (12.5–28.0) 0.001
0.83) 3.08 (0.52–5.46) 0.003
s).
esonance; LAD  left anterior descending coronary artery; MO 
 early systolic retrograde flow; TIMI  Thrombolysis In Myocardialts Winary
ta of
low o
No SR
(n  1
52
16 (94
99
7 (41
10 (59
2 (12
2 (12
15 (88
3.5
21
10 (59
65
1.9
2.1
9.3
9.2
1.4
0.1
9 (53
.6 (0–
21 (0–
rcentile
netic roronary Doppler flow velocity measurements in 27 patients
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Microvascular Injury After MI June 10, 2008:2230–8ith acute MI treated by primary PCI. Previous Doppler
ow studies have established that SRF, rapid deceleration of
he diastolic flow velocity, and reduced CFVR are typical
ndings of the no-reflow phenomenon (12,13,19). In the
resent study, we showed that the extent and size of
icrovascular injury as assessed by LGE CMR correlated
ell with these parameters. Furthermore, after adjusting for
O (extent or size), infarct size and extent of transmural
ecrosis were no longer associated with SRF and DDR, and
O remained the only factor independently related to these
ow parameters. To our knowledge, this is the first study
hat directly compared both techniques in humans.
Microvascular abnormalities are often present in myocar-
ium exposed to prolonged ischemia, owing to a multitude
f processes, including tissue edema, platelet plugging,
eutrophil adhesion, myonecrosis, and intracapillary red
lood cell stasis (20). This pathological process may be
nhanced by reperfusion injury within the early stages after
eperfusion therapy (21). The Doppler flow characteristics
f “no reflow” have been established by direct comparison of
ow patterns with perfusion deficits on myocardial contrast
Figure 1 Examples of Coronary Flow Velocity Recordings and C
LGE Images of Patients Without and With the Presenc
The coronary flow velocity spectrum (A) of Patient #1 shows antegrade systolic flo
(DDT). A corresponding short-axis late gadolinium-enhanced (LGE) image (B) show
signs of microvascular injury. The flow velocity pattern (C) of Patient #2 demonstra
stolic deceleration rate and short DDT. In the short-axis LGE image (D), the transm
with microvascular injury (black arrows). LAD  left anterior descending coronarychocardiography. Iwakura et al. (12) were the first to oescribe the association between the presence of SRF, a
hort diastolic deceleration time, and microvascular dys-
unction. They suggested that those findings may be ex-
lained by an increase of microvascular impedance and a
ecrease of intramyocardial blood pool volume. Microvas-
ular obstruction with subsequent high impedance results in
he inability to squeeze blood forward into the venous
irculation during systole, and consequently blood will be
ushed back into the epicardial coronary artery, reflected by
RF. Furthermore, the reduced intramyocardial blood pool,
hich fills rapidly during diastole, has been used to explain
he rapid decline of diastolic velocity (12). The CFVR
easures the functional status of the distal microvascular
ed and depends on multiple factors, including myocardial
esistance, metabolic demands, neurohormonal activation,
lling pressures, and vascular resistance of small and large
oronary arteries (15,22).
In the present study, SRF was observed in only about
ne-half of the patients with MO on LGE imaging. This
ercentage is similar to studies using myocardial contrast
chocardiography (23). Early systolic retrograde flow will
ponding
Microvascular Injury
out early systolic retrograde flow (SRF) and a normal diastolic deceleration time
murally infarcted myocardium (white arrows) in the anteroseptal wall without
RF followed by rapid deceleration of the diastolic flow, resulting in a high dia-
infarcted myocardium (white arrows) was complicated by an important areaorres
e of
w with
s trans
tes S
urally
artery.nly appear in the epicardial coronary artery if there is a
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June 10, 2008:2230–8 Microvascular Injury After MIubstantial amount of blood that is pushed back and reflects
ore severe microvascular injury (14). Cardiac magnetic
esonance is probably more sensitive in detecting MO. To
ur knowledge, no data exist on which parameters have
reater clinical relevance for identifying patients with worse
unctional and clinical outcome.
The technique to visualize regions of microvascular dam-
ge with CMR has been validated in several experimental
tudies and corresponds to anatomically defined areas of “no
eflow” (3,5,16). Regions of MO in LGE CMR appear as
ypoenhanced regions within the hyperenhanced infarcted
rea. In the area with microvascular damage, there is delayed
linical, Angiographic, and CMR Data According to the Presence a
Table 2 Clinical, Angiographic, and CMR Data According to the
No MO (n  8)
Age, yrs 49 12
Men 8 (100%)
Time from symptom onset to PCI, min 247 199
Infarct location
Proximal LAD 3 (37%)
Mid LAD 5 (63%)
Multivessel disease 0 (0%)
TIMI flow grade post-PCI
TIMI flow grade 2 0 (0%)
TIMI flow grade 3 8 (100%)
Size of stent, mm 3.6 0.6
Length of stent, mm 24 9
Platelet glycoprotein IIb/IIIa inhibitors 4 (50%)
Peak CK-MB, g/l 366 302
End-diastolic volume, ml/m2 101.6 14.3
End-systolic volume, ml/m2 61.0 12.4
Left ventricular ejection fraction, % 40.3 5.4
Systolic wall thickening in infarct area, % 18.3 11.1
Infarct size, % of left ventricle 18.6 5.2
Extent of transmural necrosis, % segments 16.9 8.7
alues are expressed as n (%) or mean  SD. *Patients with MO compared with patients without
Abbreviations as in Table 1.
oronary Flow Velocity Data and Hemodynamics According to the
Table 3 Coronary Flow Velocity Data and Hemodynamics Accor
No MO (n  8)
Heart rate, beats/min 75 13
Systolic blood pressure, mm Hg 108 17
Diastolic blood pressure, mm Hg 69 8
Baseline infarct-related artery
APV, cm/s 20.1 2.6
Maximum peak flow velocity, cm/s 35.6 5.2
Diastolic APV, cm/s 25.7 3.5
Diastolic deceleration time, ms 708 262
Diastolic deceleration rate, cm/s2 60 34
Systolic APV, cm/s 9.3 3.1
No. of SRF 0 (0%)
Diastolic-systolic flow velocity ratio 3.0 1.1
CFVR infarct-related artery 2.0 0.4
CFVR reference vessel 2.8 0.4
Relative CFVR 0.75 0.21alues are expressed as n (%) or mean  SD. *Patients with MO compared with patients without MO.
APV  average peak flow velocity; CFVR  coronary flow velocity reserve; other abbreviations as in Taontrast penetration owing to several factors, such as re-
uced functional capillary density, capillary compression
nd obstruction, and hemorrhage (2,24). Therefore, the
ignal intensity of these regions is not enhanced by the
ontrast agent and appears as dark zones initially, but slowly
ecomes hyperenhanced over time as well, due to wash-in
y diffusion of the contrast agent from surrounding regions
ith intact microcirculation (16,25). Thus, timing of LGE
mage acquisition influences the incidence and extent of
O as detected by CMR. We determined MO on LGE
mages acquired 12 to 15 min after contrast injection. The
ptimal time point for determining MO in relation to its
tent of MO Measured by CMR
sence and Extent of MO Measured by CMR
Mild MO (n  10) Severe MO (n  9) p Value*
52 11 59 8 0.19
8 (80%) 7 (78%) 0.29
150 44 224 79 0.60
1.00
4 (40%) 4 (44%)
6 (60%) 5 (56%)
3 (30%) 1 (11%) 0.29
0.28
3 (30%) 2 (22%)
7 (70%) 7 (78%)
3.5 0.4 3.6 0.5 0.95
21 4 21 5 0.48
6 (60%) 5 (56%) 1.00
504 211 499 224 0.07
104.7 16.7 99.0 15.8 0.96
63.9 14.2 60.9 11.9 0.52
39.3 6.5 38.4 8.7 0.60
17.3 10.7 19.7 9.7 0.96
22.7 4.4 27.4 5.7 0.01
25.7 7.3 26.9 12.7 0.03
nce and Extent of MO Measured by CMR
to the Presence and Extent of MO Measured by CMR
ild MO (n  10) Severe MO (n  9) p Value*
75 11 78 9 0.85
109 13 112 23 0.73
67 5 66 8 0.49
29.8 16.2 25.7 6.8 0.08
52.5 24.8 56.2 14.4 0.01
38.8 19.5 35.4 8.5 0.04
575 189 382 142 0.03
100 52 165 71 0.004
12.7 9.4 8.9 5.1 0.87
4 (40%) 6 (67%) 0.01
4.1 2.2 5.2 2.7 0.10
1.8 0.3 1.6 0.2 0.04
2.5 0.5 2.4 0.7 0.35
0.73 0.13 0.71 0.19 0.87nd Ex
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Microvascular Injury After MI June 10, 2008:2230–8redictive value on LV remodeling and functional recovery
eeds further investigation.
The present results suggest that the relationship between
ntracoronary flow parameters and the extent of MO (%
egments affected by microvascular damage) might be
lightly closer than those parameters and the size of MO (%
yocardium with microvascular damage). It is conceivable
hat the coronary blood flow velocity measured in an
picardial vessel is influenced more by a large proportion of
he area at risk affected than by a small area with extensive
O. However, these results may also be influenced by
ifferent speeds of contrast diffusion in areas with micro-
ascular injury between patients and by differences in timing
f image acquisition after contrast administration.
In line with the study of Bogaert et al. (26), we found a
lose relationship between MO, infarct size, and infarct
ransmurality. After adjustment for MO, infarct size and
ransmural necrosis were no longer associated with SRF and
DR. These findings suggest that the changes in coronary
lood flow velocity patterns are specific for areas of micro-
ascular damage within the infarct and do not merely reflect
arger and more transmural infarctions associated with MO.
In this study, no relationship was observed between the
ime from symptom onset to PCI and the presence of MO.
Figure 2 Relationship Between DDR and the Extent of
Microvascular Obstruction as Measured by CMR
Patients with (open triangles) or without (solid triangles) SRF are separately
indicated. CMR  cardiovascular magnetic resonance; other abbreviations as
in Figure 1.
ni- and Multivariate Logistic Regression Analysis for the Relationetween CMR Parameter and the Presence of Early Systolic Retr
Table 4 Uni- and Multivariate Logistic Regression Analysis forBetween CMR Parameters and the Presence of Early S
Extent of MO
(% Segments)
Inf
(%
OR (95% CI) p Value OR (95% CI)
Univariate 1.19 (1.05–1.35) 0.007 —
Univariate — — 1.17 (0.99–1.3
Univariate — — —
Multivariate 1.19 (1.01–1.39) 0.03 0.97 (0.78–1.2I  confidence interval; CMR  cardiac magnetic resonance; LV  left ventricle; MO  microvascular oata from experimental studies suggest that the extent of
icrovascular injury worsened with longer durations of
schemia (20). However, other clinical studies also did not
nd this relationship in patients treated with primary PCI
4,26,27). Iwakura et al. (4) showed that the development of
he no-reflow phenomenon was related to severity of myo-
ardial damage, the size of the area at risk, and the occlusion
tatus of infarct-related artery. Probably other factors than
ime from symptom onset to reperfusion are predominant in
he clinical setting.
We performed CMR and recatheterization 48 h but
ithin 8 days after primary PCI, because microvascular
unction and coronary flow may change, particularly in the
rst 48 h after revascularization (5,7). Experimental studies
ave shown that infarct size and the area of MO increase in
he first 48 h after reperfusion and stabilize between 2 and
days (3,5). On the other hand, Doppler flow studies with
erial measurements of coronary flow observed an increase
n CFVR, normalization of diastolic deceleration rate and
ime, and disappearance of SRF within 24 to 48 h after
eperfusion in some of the patients, indicating recovery of
yocardial microcirculation (5,19,23,28). Because of these
arly serial changes, assessment of the microvascular integ-
ity between 2 days and 1 week after reperfusion might have
etter predictive accuracy for LV recovery and remodeling
han measurements immediately after reperfusion (19,28).
Microvascular injury is associated with greater infarct size
nd worse myocardial function (5,11,26). However, we did
ot find a relationship between the extent of MO and LV
unction in the present study. This is probably explained by
he fact that we selected only patients with large MIs.
wing to this selection, the incidence of MO was high
70%) compared with earlier studies. Thus, it was possible
o compare the presence or absence of microvascular injury
nd to correlate the severity of MO between both tech-
iques.
linical implications. An increasing number of studies are
ublished relating microvascular injury to LV remodeling
nd clinical outcome in patients after reperfused acute MI
2). We have shown for the first time in vivo that functional
easurements of microvascular injury by Doppler flow
elocity correspond to anatomic measurements of microvas-
ular injury by LGE CMR. Assessment of the microvascu-
ar integrity with LGE CMR has several advantages.
e Flow
elation
lic Retrograde Flow
ize
)
Transmural Necrosis
(% Segments)
Chi-Squarep Value OR (95% CI) p Value
— — — 12.67
0.07 — — 4.09
— 1.11 (1.01–1.23) 0.04 5.58
0.79 1.05 (0.94–1.17) 0.37 13.55ograd
the R
ysto
arct S
of LV
8)
1)bstruction; OR  odds ratio.
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June 10, 2008:2230–8 Microvascular Injury After MIardiovascular magnetic resonance allows a complete and
ccurate assessment of LV status in patients after acute MI
n a single noninvasive examination without the use of
onizing radiation. Additionally, information can be ob-
ained on cardiac structure, global and regional myocardial
unction, and infarct size with a high spatial resolution.
Evaluation of MO is useful for identifying high-risk patients
ith an acute MI after successful PCI and may facilitate
ecision making regarding the necessity of additional interven-
ions, such as cell therapy. Theoretically, improvement of
icrovascular perfusion may have beneficial effects on infarct
ealing, ventricular remodeling, and collateral formation,
hich may ultimately lead to better outcome. Finally, besides
electing patients for adjunctive therapy, measurements of MO
y CMR can be very useful in evaluating the efficacy of novel
reatment strategies aiming at preserving the microvasculature
hen treating acute MI in both clinical and experimental
tudies.
tudy limitations. Several potential limitations of this study
eed to be addressed. First, our results were derived from a
elected population of patients with anterior MI. Previously, it
as been reported that blood flow velocity patterns in patients
ith acute MI differ between the right and left coronary
rteries (12) and, therefore, our findings may not be represen-
ative for all patients with acute MI. The number of patients
ncluded was limited, and we did not perform serial measure-
ents. We cannot conclude whether quantification of MO by
GE imaging is accurate enough to detect changes over time
nd whether these changes correspond to changes in blood
ow velocity parameters. Nevertheless, several studies have
hown that “no reflow” detected by either of the techniques is
ssociated with poor LV remodeling and outcome (6–10,13–
5,19,22,26–28). Microvascular obstruction was assessed 12 to
5 min after contrast administration rather than during the
rst 3 min as in previous studies (3,5). Because contrast diffuses
nto the infarct area and MO regions over time, the true extent
nd especially size of MO may have been underestimated. This
ight have influenced the observed relationship of CMR MO
nd intracoronary Doppler flow velocity measurements.
onclusions
n conclusion, the extent and size of MO as assessed by
GE CMR correlated well with coronary blood flow
ni- and Multivariate Linear Regression Analysis for theelation Between CMR P ameter and the Diast lic Deceleration
Table 5 Uni- and Multivariate Linear Regression Analysis for thRelation Between CMR Parameters and the Diastolic D
Extent of MO
(% Segments)
I
Beta (SE) p Value Beta (SE)
Univariate 4.63 (0.83) 0.0001 —
Univariate — — 5.88 (1.92)
Univariate — — —
Multivariate 4.30 (1.13) 0.001 1.43 (2.00)
bbreviations as in Table 4.elocity characteristics of microvascular injury, such as theresence of SRF, rapid deceleration of diastolic flow, and a
educed CFVR. This relation was independent of the size
nd transmural extent of the infarcted myocardium. By
sing CMR, quantification of myocardial function, infarct
ize, and microvascular injury can be performed accurately
ith a single noninvasive technique in patients with acute
I treated by primary PCI.
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